We studied the phase behaviour and the P-V -T equation of state of Mg by in situ energy-dispersive x-ray diffraction in a multi-anvil apparatus in the pressure-temperature range up to 18.6 GPa and 1527 K. At high temperatures, an hcp to dhcp transition was found above 9.6 GPa, which differs from the hcp to bcc transformation predicted by theoretical calculations. At room temperature, the hcp phase remains stable within the pressure range of this study with an axial ratio, c/a, close to the ideal. The melting of Mg was determined at 2.2, 10 and 12 GPa; the detected melting temperatures are in good agreement with previous diamond anvil cell results. The P-V -T equation of state determined based on the data of this study gives B 0 = (36.8 ± 3) GPa, B 0 = 4.3 ± 0.4, α 0 = 25 × 10 −6 K −1 , ∂α/∂T = (2.3 ± 0.2) × 10 −7 K −2 and ∂ B 0,T /∂ T = (−2.08 ± 0.09) × 10 −2 GPa K −1 .
Introduction
Magnesium (Mg) has received considerable attention in the past as an important alkaline-earth metal element existing in many compounds. Mg is a very compressible metal (bulk modulus of 35.4 GPa) [1] and at ambient conditions crystallizes in the hcp structure with an axial ratio, c/a, of 1.624 [2, 3] , close to that of the ideal close-packing value (c/a = 1.633). The special interest in the high-pressure behaviour of Mg is due to the fact that the application of pressure (P) leads to an increased hybridization between s and p electrons [4] and induces an electron transfer from the sp bands to the initially empty 3d band [5] [6] [7] . These phenomena induce consequent changes in the electronic density of states and affect the structural stability of Mg. On the other hand, Mg is an ideal candidate for theoretical studies because of its simple 3 Author to whom any correspondence should be addressed. atomic configuration and because it is a nearly free-electron metal even under compression to about 100 GPa [8] .
The pressure-temperature (P-T ) phase diagram and the elastic properties of Mg have been widely investigated using theoretical methods [6, [9] [10] [11] . First-principles generalized pseudopotential theory total-energy calculations [6] predicted an hcp to bcc transformation under high pressure at room temperature (RT). This transition was experimentally confirmed by energydispersive x-ray diffraction in a diamond anvil cell (DAC) and was placed at 50 ± 6 GPa [12] . In additional experimental high-pressure studies of Mg, the effects of pressure on its volume (V ) and lattice parameters up to 30 GPa at RT [13, 14] , its melting curve at high pressures up to 80 GPa [15] [16] [17] , and the pressure behaviour of its transverse-optical phonon up to 50 GPa [18] were measured. The melting curve measured by Errandonea et al [17] using a laser-heated DAC shows a very good agreement with theoretical predictions [9] .
The high P-T phase boundary between hcp and bcc has also been calculated [9] . This boundary, according to that calculation [9] , is highly temperature dependent and has a negative slope. It ends at a triple point on the melting curve near 4 GPa and 1200 K as shown in the P-T phase diagram of Mg illustrated in figure 1. Despite the intensive theoretical study of the high P-T phase diagram of Mg, so far only its melting curve has been measured [15] [16] [17] under high P-T conditions. In particular, the predicted hcp-bcc phase boundary has never been experimentally investigated. Furthermore, the melting data for Mg do not show any indication of the existence of a triple point [17] (i.e. no sharp change in the melting slope is observed as shown in figure 1 ), casting some doubts on the correctness of the theoretical predicted hcp-bcc boundary line [9] . In addition, the observed broadening and splitting of the E 2g Raman mode of Mg at RT above 10 GPa [18] and the indications of the possible existence of a dhcp phase found early on by Perez-Albuerne et al at RT above 5 GPa [14] indicate that the known crystal-structure sequence might be in error.
The facts described above emphasize the need for a detailed experimental study of the P-T phase diagram of Mg. In the present work we present an energy-dispersive synchrotron powder x-ray diffraction investigation of Mg in the P-T range up to 18.6 GPa and 1527 K. No evidence supporting the occurrence of a hcp → bcc transition is observed. On the contrary, at pressures exceeding 7.5 GPa we observed a transition from hcp to dhcp at high temperature. The present results allow us to characterize the stability field of hcp Mg by the location of the hcp-dhcp boundary. The experimental P-V -T data set is also used to determine a hightemperature equation of state (EOS).
Methods and materials
High P-T energy-dispersive x-ray powder diffraction (EDXRD) experiments were performed in a 250 ton multi-anvil apparatus installed at the GSECARS 13-BM-D beam line at the APS, using a double-stage split-cylinder 'T-cup' assembly and pyrophyllite octahedral pressure cells [19] . With this set-up, experiments on millimetre-sized cylindrical samples with excellent T and P stability and uniformity can be carried out up to 20 GPa and 2000 K. In this study, diffraction patterns were collected in the energy range from 20 to 130 keV with an incident x-ray beam size of 100 µm × 300 µm. A Ge solid-state detector at a fixed diffraction angle of 5.38
• was used to detect the diffracted x-rays. High temperature was generated by resistance heating of two TiC/diamond discs located at both ends of the sample-cell assembly. Mg samples were isolated from the heater by hexagonal boron nitride (BN) discs (see figure 2) . Temperature was determined based on the measured electromotive force (emf) of a W 0.94 Re 0.06 -W 0.75 Re 0.25 thermocouple (type D). No corrections for pressure effects on the thermocouple emf were made because, as emphasized by previous workers [20] [21] [22] , there is no universal correction factor [17] (full curve), calculated hcp-bcc phase boundary [9] (dashed curve) and experimentally determined RT hcp → bcc transition [12] (♦). The hatched area represents the P-T region studied here.
that may be applied to correct the effects of pressure on the thermocouple emf. However, the maximum temperature uncertainty in the present P-T range can be estimated to be less than 30 K [22] . On the other hand, the maximum temperature fluctuation observed during the experiments was only about 5 K at 1500 K.
The experimental assembly is shown in figure 2 . The thermocouple is located at the centre, isolated from the sample by a mixture of sodium chloride (NaCl) and BN powders. One half of the pressure cell is loaded with high-purity (99.8%) Mg powder obtained from the Johnson Matthey Company and stored under vacuum to avoid oxidation. The other half of the pressure cell was loaded with a mixture of Mg and gold (Au) powders with a weight ratio of 10:1. Pressures were calibrated using the diffraction lines of Au [23] . The diffraction lines of NaCl were also used to double-check the pressures based on Decker's EOS [24] . A comparison of the two calibrations showed that the pressures based upon Au and NaCl agree within ±0.1 GPa, suggesting that there is no observable effect of deviatory stress. This is consistent with the fact that Mg (bulk modulus 35.4 [1] ) is a much softer material than Au (bulk modulus 166.7 [23] ). On the other hand, the error introduced when determining the pressure through the P-V -T EOS of either Au or NaCl because of the temperature uncertainty is negligible compared with the pressure difference between both calibrations. Therefore the sample pressure can be considered accurate to within ±0.1 GPa. Additionally, high-temperature annealing was also used to reduce the non-hydrostatic stress in measurements at high pressures.
The pressure-induced transformations were examined in three different experimental runs. The different experimental paths used for studying the P-T behaviour of Mg are shown in figure 3. Diffraction patterns of Mg, the mixture of Mg and Au, and NaCl were collected at each P-T point. Indexing, structure solution and refinements were carried out using XRDA [25] and GSAS [26] programs. A typical diffraction spectrum contains three phases: Mg, Au and NaCl, with at least six diffraction peaks associated with Mg. BN diffraction lines were never observed as a consequence of its low atomic number and its low concentration in the NaCl:BN mixture. To obtain the lattice parameters of each phase a LeBail refinement [27] was performed.
Results and discussion

Phase transformation at high P-T
Within the P-T range of this study, we did not find any evidence of the existence of a bcc phase at high temperature as predicted by previous theoretical calculations [9] . At three different pressures (2.3, 10.1 and 11.9 GPa) the samples were heated up to temperatures where the Mg peaks disappeared. Even in these runs, we did not find any indication of the existence of the bcc phase. The disappearance of the Mg diffraction peaks (see trace (e) in figure 4 ) together with the observed increase of the background is probably related to the onset of melting. The melting points obtained in this way agree well, within experimental error, with previous results (see figure 3 ). It is important to note that above 1350 K, an additional weak peak was observed that may be explained by the MgO(111) diffraction line and could be attributed to the formation of a small amount of MgO. Partial oxidation under high P-T conditions has been reported previously in other alkaline-earth metals [28] , not affecting the results on the phase diagram when the oxide peaks are well identified. In contrast to the predicted hcp to bcc transformation, we observed the splitting of the 002 peak of hcp Mg, as well as two new peaks between the 101 and the 102 peaks and between the 102 and the 110 peaks (see traces (d) and (c) in figure 4 ). Figure 4 shows energy dispersive Previous melting data are [17] (full curve) shown with a typical error bar, calculated hcp-bcc boundary [9] (long-dashed curve), and present hcp-dhcp boundary (short-dashed curve).
x-ray spectra recorded under different P-T conditions in one of the experimental runs. In this run, we increased P up to 14.75 GPa at RT, and then the temperature was increased at a constant hydraulic ram load. At RT and 977 K (see traces (a)-(c) in figure 4), the diffraction patterns of Mg can be indexed by the hcp structure. As T is increased to 1377 K the three new peaks mentioned above appeared (see trace (d) in figure 4) . Analysis of the diffraction pattern shows that the locations of the new peaks are precisely what one would expect for the 101, 103 and 105 peaks of the dhcp structure (ABACABAC... stacking instead of ABABABAB... stacking of the hcp structure) 4 . Table 1 compares the observed and calculated lattice spacings (d spacings) for Mg at 11.1 GPa and 1377 K, showing a good fit to the dhcp lattice with a mean error in d spacings of less than 0.8%. In table 1, we also listed the calculated diffraction lines for an equivalent hcp structure for comparison. Figure 3 shows all the P-T points where we observed the dhcp diffraction lines. With these data a hcp-dhcp boundary can be drawn, intercepting the melting curve around 7.5 GPa and 1350 K. This boundary line is illustrated in figure 3 (short-dashed curve) together with the theoretically predicted hcp-bcc boundary line (long-dashed curve) and the experimental melting curve (full curve). In order to get some insight into the mechanism involved in the proposed hcp-dhcp transformation, it is important to note that a single stacking fault transforms the hcp structure into the dhcp structure [29] . In addition, it is well known that in close-packed metals, such as Mg, stacking faults are formed with relative ease, contributing to the ductile nature of these metals [30] . Thus, it is reasonable to expect that at high temperature a thermal fluctuation will create stacking faults transforming the hcp structure into the dhcp structure. On the other hand, no difference in atomic volume between the hcp and dhcp structures was observed. This is because the two structures represent polytypes of the same structure with different stacking sequences. A similar hcp → dhcp transformation has been observed in iron at high temperature near 40 GPa [31, 32] and in other close-packed metals under compression [31, 33, 34] . Indications of the existence of the dhcp phase in Mg were previously reported at high pressure and RT [14, 18] . In the present study, the dhcp phase was only found at high temperatures, the hcp-dhcp boundary having a negative slope (see short-dashed curve in figure 3 ). After melting and quenching one of the runs from 10.1 GPa and 1527 K to 8.05 GPa and 300 K the diffraction lines associated with the appearance of the dhcp phase were also observed at RT (see table 2 ). However, when releasing compression to ambient pressure, these lines disappeared, suggesting that the dhcp is a metastable phase even at pressures as low as 10 GPa. Two possible scenarios are then compatible with our results; either at sufficiently high P the hcp-dhcp transition occurs at ambient temperature before the stability of the bcc phase is reached or an hcp-dhcp-bcc critical point exists in the solid at a temperature below melting.
At this point it is worthwhile commenting upon two facts that could probably have conspired to hide the existence of an hcp → dhcp transformation in previous works. The first one is that in the theoretical calculations of the P-T phase diagram of Mg, only the bcc, fcc and hcp structures were considered as possible stable phases [5, 9] and therefore the stability of the dhcp phase could not be predicted. The second one is that in the experiment that reported a direct hcp → bcc phase transition at 50 ± 6 GPa and RT [12] only three diffraction lines belonging to both the hcp and the bcc phases were observed and the signal-to-background ratio was quite low. In particular, in [12] the 002 diffraction peak of the hcp phase was not observed, possibly due to preferred orientations caused by uniaxial stresses in the DAC [35] . Since one of the inherent dhcp peaks reported here arises from the splitting of the 002 reflex of the hcp phase (see figure 4) , the absence of this diffraction line, added to the fact that the other two inherent dhcp peaks observed here are weak enough not to be seen with the low signal to noise ratio of the experiment reported in [12] , may have caused misleading identification of the structural sequence of Mg.
Before closing the discussion about the phase diagram of Mg, one should also notice that the present results might explain why the melting data fail to show any change in the melting slope around 4 GPa [17] as expected from the predicted hcp-bcc-liquid triple point. In fact, the intersection of the melting curve with a solid-solid boundary line between two close-packed structures (instead of an hcp-bcc boundary line), as reported here, should lead to a smooth behaviour of the melting curve [36] [37] [38] [39] , like that previously measured [17] . Obviously, further experimental and theoretical work is necessary to verify our arguments. In particular, new structural studies to pressures higher than 50 GPa in the temperature range accessible through external-heated DACs, taking advantage of high-brilliance third-generation synchrotrons and angle-dispersive techniques, are needed to unambiguously solve the P-T phase diagram of Mg and verify whether the known RT crystal structure sequence is in error.
P-V -T equation of state
The RT pressure-volume (P-V ) data from this study are plotted in figure 5 together with data reported in previous experiments [13, 14] . A Birch-Murnaghan third-order EOS [40] fitted to all data shown in figure 5 yields the following parameters for the RT bulk modulus (B 0 ), its pressure derivative (B 0 ) and the atomic volume (V 0 ) respectively: B 0 = (36.8 ± 3) GPa, B 0 = 4.3 ±0.4, and V 0 = (13.88 ±0.09) cm 3 mol −1 . These parameters are in good agreement with those reported previously [3, 13, 14, 41] . The calculated volume at 50 GPa based on the present EOS agrees with the volume reported in [12] (see figure 5) .
The variation of the axial ratio, c/a, at RT as a function of pressure is shown in figure 6 . The c/a ratio is nearly independent of pressure with an extremely small negative slope. Our data can be fitted to the following equation:
c/a = 1.624 − 9.3(6) × 10
where P is in GPa and P < 18.6 GPa. This behaviour is not consistent with previous studies [13, 14] as shown in figure 6 . However, we want to point out here that in [13] and [14] only three diffraction peaks were used to calculate the unit cell parameters and among them only the 101 line involves c. On the other hand, there are several facts that support our results. A similar axial-ratio pressure dependence to that we found in Mg was also observed in beryllium [42] , which is another light alkaline-earth metal with nearly free electron behaviour. In addition, in zinc, another divalent hcp metal, an anomaly on the c/a was observed only in experiments carried out under highly non-hydrostatic conditions [43] . And finally, according to full-potential calculations [4] in Mg, the electrostatic part of the total energy dominates over the band energy. Therefore, any pressure-induced change of the s-p hybridization is not structure determining and consequently c/a is expected to stay roughly constant as we observed.
We have used all the P-V -T data from this study (see table 2), previous P-V data at RT [13, 14] and previous V -T data at ambient pressure [44] to obtain a P-V -T EOS for Mg. Since there is no discernible atomic volume discontinuity between the hcp and dhcp phases, the P-V -T data from the dhcp phase are also included in the determination of a P-V -T EOS. For this purpose we used the Birch-Murnaghan isothermal formalism: 
Since usually ∂ B 0,T /∂ T ∂ B 0,T /∂ T [45] , we assumed B 0,T = B 0 . This approximation has been proved to be valid in other alkaline-earth metals like Ca, Sr, and Ba [46] . In addition, a linear behaviour of the thermal expansion coefficient was assumed, with α = α 0 + (∂α/∂ T )(T − 300 K), where α 0 = 25 × 10 −6 K −1 is the thermal expansion at 300 K [47] . With these assumptions, ∂α/∂T and ∂ B 0,T /∂ T are the only two parameters to be determined. By fixing B 0 = 36.8 GPa, B 0 = 4.3 and V 0 = 13.88 cm 3 mol −1 we obtained ∂α/∂T = (2.3 ± 0.2) × 10 −7 K −2 and ∂ B 0,T /∂ T = (−2.08 ± 0.09) × 10 −2 GPa K −1 . These values compare well with those estimated in other alkaline-earth metals [46] and indicate a decrease of the bulk modulus and an increase of the thermal expansion with temperature.
Summary
In summary, our x-ray diffraction study of Mg does not show any evidence of the occurrence of an hcp to bcc transition in the P-T range of the present investigation. On the contrary, we [13] and (•) [14] . The full curve is the fit to our data. Typical errors for the different data sets are shown.
observed an hcp to dhcp transformation at high temperatures above 7.5 GPa. The temperature at which the hcp → dhcp transition takes place decreases as pressure increases. We also found that the hcp structure of Mg remains ideal at RT up to 18.6 GPa, which is inconsistent with the previously reported anomaly of the pressure dependence of the c/a ratio.
A P-V -T EOS was determined using the present and previous data. 
